Shope fibroma virus (SFV), a tumorigenic poxvirus, has a DNA genome of approximately 160 kb. Previous DNA sequence analysis of SFV has been mainly limited to the terminal inverted repetitions (about 12 kb at each end of the genome) and immediately adjacent regions. We have sequenced a 4 kb fragment located approximately 20 kb from the right-terminal hairpin. Within this region three complete and two partial open reading frames (ORFs) have been identified. Each of the putative polypeptides has sequence similarity to one or more previously identified poxvirus or cellular proteins, with homology to protein kinases, erythrocyte ankyrin and a vaccinia virus virulencerelated protein (ORF NIL). The potential significance of these gene products with regard to the phenotype of SFV is discussed.
Introduction
The vertebrate poxviruses represent a large and diverse group of dsDNA viruses which have been divided into numerous genera based on host range and serological cross-reactivity. The morphological characteristics, genome organization, transcriptional regulatory signals and enzymology shared amongst the various genera are well documented. However, the pathology resulting from infection of a host with a particular poxvirus can vary dramatically from relatively benign to highly virulent and tumorigenic.
The leporipoxviruses are one of the eight current vertebrate poxvirus genera and include Shope fibroma virus (SFV), myxoma virus and malignant rabbit fibroma virus. These viruses are noted for their ability to induce tumours in their natural host, rabbits. SFV causes benign fibromas in adult rabbits and invasive atypical fibrosarcomas in both newborn rabbits and immunosuppressed adult rabbits (Shope, 1932) . Myxoma virus, the causative agent of myxomatosis, induces disseminated highly myxoid tumours, immunological compromise of the host and often death as a result of secondary bacterial infections (Fenner & Woodroofe, 1953) . Malignant rabbit fibroma virus (reviewed by McFadden, 1987) , a virus derived from recombination between SFV and myxoma virus (Block et al., 1985; & , induces malignant metastatic tumours .
Studies of various poxviruses by DNA sequence analysis, restriction enzyme mapping and open reading frame (ORF) analysis have revealed that the genomes of all members of the family apparently contain a central core element of conserved viral enzymatic and structural genes required for maintenance of a normal poxvirus life cycle (Hirt et al., 1986; Weir & Moss, 1984; Wittek et al., 1984a, b) . Although the genes in this region are generally not highly conserved at the nucleotide level (except for closely related members such as vaccinia and rabbitpox viruses), there is much more conservation at the amino acid level, and the location and orientation of ORFs is generally well conserved Drillien et al., 1987; Gershon & Black, 1989) . This is in contrast to the near-terminal regions of poxvirus genomes which are quite dissimilar with limited conservation between members of a given genus, but little conservation between genera Upton et al., 1987a) . There is evidence that located within these regions is much of the genetic material involved in pathogenicity and host range specificity (Bloom et al., 1991 ; Drillien et al., 1981 ; Gillard et al., 1986; Spehner et al., 1988) . The complete genome of vaccinia virus has been sequenced and near-terminal-encoded products include viral homologues of epidermal growth factor (Blomquist et al., 1984; Brown et al., 1985; Reisner, 1985) , serine protease inhibitors (serpins) , protein kinase Traktman et al., 1989) , a dUTPase-like gene (McGeoch, 1990; Slabaugh & Roseman, 1989) and complement control protein analogues (Kotwal & Moss, 1988a; Takahashi-Nishimaki et al., 1991) . There has been much speculation regarding the function of these products and the contribution of each to viral pathogenicity in natural infections. Therefore, analysis of these near-terminal regions of vaccinia virus and other poxviruses is of great interest with regard to defining the genetic elements responsible for the wide range of pathogenicity and host range specificity exhibited within the poxvirus family.
Previous DNA sequence analysis of SFV, and the other leporipoxviruses, has been primarily limited to the regions within and immediately adjacent to the inverted terminal repetitions (ITRs). In this study we continue our examination of the unique near-terminal region of the SFV genome by reporting the sequence of the BamHI H fragment, located approximately 10 kb internal to the right ITR. The DNA sequence of this 4 kb region contains three complete and two partial ORFs. One of the deduced polypeptides has multiple repeated motifs, similar in content and arrangement to the repeats found in the erythrocyte ankyrin protein and in several other cellular genes involved in cell cycle regulation (Lux et al., 1990) . Another has similarity to the protein kinase family. A third ORF has similarity with a vaccinia virus protein (N 1L), encoded near the left end of the genome, that is secreted from infected cells. This vaccinia virus product was reported previously to have sequence similarity to tumour necrosis factor (TNF; and to contribute to the pathogenicity of the virus.
Methods
DNA sequencing. The sequence was generated primarily using the random shotgun sequencing method (Bankier & Barrell, 1983) . The SFV DNA fragment was sheared by sonication, then 400 to 600 bp fragments were separated by gel electrophoresis and isolated. These subfragments were cloned into M13 vectors (Messing et al., 1977; Messing & Vieira, 1982) and sequenced by the dideoxynucleotide chain termination method (Sanger'et al., 1977 (Sanger'et al., , 1980 ) using a modified T7 polymerase (Sequenase, Promega; Tabor & Richardson, 1987) . When approximately 95% coverage was attained, the remainder of the sequence and any existing ambiguities were resolved by doublestranded plasmid sequencing using synthetic oligonucleotides as primers.
Computer analysis. The DNA sequences obtained for individual clones were manually entered into a Macintosh Ilci computer using the DNA Inspector II+ program. The files were subsequently transferred to a DEC VAX and contiguous sequences aligned using the programs of Staden (1986) .
The University of Wisconsin Genetics Computer Group programs (Devereux et al., 1984) were used to analyse the completed DNA sequence data for putative ORFs. The programs FASTP (Lipman & Pearson, 1985) , BLAST (Altschul et al., 1990) and TFASTA (Pearson & Lipman, 1988) were used to compare the SFV ORFs to those in existing databases and to identify peptide homologies. The transforming protein sequences were obtained from the GenBank database, release 65.0 (September 1990 
Results
The SFV BamHI fragment H is located approximately 20 kb from the right terminus of the genome. The nucleotide sequence of this fragment was determined as described in Methods and resulted in an average redundancy of 4-1. The location of the H fragment relative to the SFV genome and the distribution and orientation of the putative ORFs are shown in Fig. 1 . The fragment contains three intact and two partial ORFs, each of which is predicted to be transcribed towards the right terminus. The complete 3985 bp nucleotide sequence of the SFV BamHI H fragment and the deduced ORFs are shown in Fig. 2 . The length of each ORF and potentially significant protein similarities are shown in Table 1. ORF H1R is predicted to encode a polypeptide consisting of 107 amino acids with an Mr of 12.6K. Database searches revealed this ORF product to be a homologue of the vaccinia virus NIL protein, sharing 27.5% identity at the amino acid level (Fig. 3) . The latter product is secreted from infected cells and has limited sequence similarity to tumour necrosis factor. The two proteins are similar in size, 107 amino acids for the SFV H 1 R and 117 for vaccinia virus N 1L; however, the SFV protein apparently lacks the hydrophobic amino-terminal residues which may serve as a secretory signal peptide for the vaccinia virus product. (Wills et al., 1983) . The right ITR is indicated by the shaded area. The ORF designated H2R potentially encodes a polypeptide of 287 amino acids with a predicted Mr of 33.5K. Database searches for proteins related to the H2R product revealed a significant degree of similarity to members of the protein kinase family, with optimized FASTP scores of over 120 for at least 30 individual members of this gene family. The highest scores were 222 for the Drosophila Dsrc28c transforming protein (Gregory et al., 1987) , 188 for the human met oncogene (Chanet al., 1987; Dean et al., 1985) and 188 for the fps transforming protein of the avian sarcoma virus PRCII (Huang et al., 1984) . The protein kinase family contains numerous cellular proto-oncogenes, and the transforming retroviral oncogenes that were derived presumably from the transduction of their cellular counterparts (Bishop, 1983) . A common feature among protein kinases is a domain of approximately 300 amino acids containing multiple highly conserved subdomains (Hanks et al., 1988) , believed to be required for kinase activity. The similarity of the H2R ORF product spanned the entire kinase domain, with similarity at the amino acid level ranging from 40 to 55~o, and identity ranging from 20 to 25~. A comparison of the predicted amino acid sequence of the H2R ORF product to the kinase domains of three representative protein kinases, erbB, abl and trk, and to the product ofa vaccinia virus gene located within the HindIII B fragment designated B 1 R, is shown in Fig.  4 . erbB is a retroviral oncogene derived from the transduction of a cellular proto-oncogene, the epidermal growth factor receptor (EGFR) gene. This transduction resulted in the introduction of a truncated form of the EGFR gene, including the kinase domain, into the avian erythroblastosis virus (Choi et al., 1986) . abl is the human Abelson proto-oncogene (Shtivelman et al., 1986) , and trk is a human oncogene apparently formed by the fusion of a kinase domain to a truncated tropomyosin gene (Martin-Zanca et al., 1986) . Only the kinase domains of these proteins are shown for brevity. The six well conserved subdomains of the protein kinase family are also indicated (Hanks et al., 1988; .
The polypeptide predicted from the B1R gene of vaccinia virus has been shown previously to be related to the protein kinase gene family, and mutations within this gene are responsible for host range-specific inhibition of viral DNA replication Rempel et al., 1990) . The vaccinia virus product contains the conserved protein kinase ATP-binding subdomain I whereas the SFV peptide appears to lack this subdomain. The region between amino acids 200 and 215 of the SFV peptide matches extremely well with the consensus kinase subdomain VI, located towards the carboxy terminus of the complete kinase domain (Fig. 4) . Although the function of this particular subdomain is not yet determined, it is one of the most highly conserved subdomains (Hanks et al., 1988) .
ORF H3R potentially encodes a 673 amino acid polypeptide of 77.2K, and it has a significant degree of similarity with several other poxvirus polypeptides. Most notable was the similarity with a previously identified SFV product, designated T5, located within the ITRs (Upton et al., 1987a) . The T50RF product is 485 amino acids in length and transcribed towards the terminal hairpin, as are all of the genes within the SFV ITRs (Cabirac et al., 1986; Macaulay et al., 1987) . The carboxy-terminal portion of the longer H3R product shares 28-0~o amino acid identity for the entire length of T5. The H3R ORF also shares similarity with the vaccinia virus B18R ORF (Copenhagen strain; Goebel 
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• : III I1. Fig. 4 . Comparison of the predicted SFV H2R polypeptide to the kinase domains of three representative members of the kinase-related transforming protein family, erbB, abl and trk, and to the vaccinia B 1R kinase-related protein (VVB1). Asterisks (*) above an amino acid represent identity of the SFV H2R residue to the corresponding residue in each of the three oncogenes. Asterisks (*) below the vaccinia virus amino acid sequence represent identity of the B1R residues to the oncogenes. Underlined regions represent the six highly conserved kinase subdomains. et al., 1990 ) and the cowpox virus host range protein (Spehner et al., 1988) , with amino acid identity over the entire length of each protein at 22.1~ and 20.7~, respectively, and 26-9 ~o identity for the carboxy-terminal 200 amino acids of a protein encoded by a fowlpox virus near-terminal ORF designated ORF 13 . Recently, Howard et al. (1991) have included the T5 gene of SFV in a novel poxvirus gene family along with the cowpox virus host range gene (Spehner et al., 1988) , the vaccinia virus B4 gene which is located near the right terminus of the genome, and several other vaccinia virus genes, all located in the left portion of the genome Kotwal & Moss, 1988b (Lux et al., 1990) . Directly below is the poxvirus ankyrin-like consensus sequence described by Howard et al. (1991) , derived from proteins of various poxviruses including vaccinia, cowpox and fowlpox viruses, and the SFV T50RF. The single-letter amino acid code is used and a (-) represents the lack of a consensus amino acid at that position. The 11 putative ankyrin-like repeats of the SFV H3R peptide are shown with boxed residues being those with identity to the consensus sequences. The number in parenthesis preceding each SFV sequence indicates the location of the repeat within the entire 673 amino acid reading frame. Numbers in parentheses within the repeats indicate the number of amino acids omitted to allow optimal alignment.
of the predicted peptides has in common a variable degree of similarity to the multiple 33 amino acid tandem repeats reported for the human erythrocyte ankyrin, a polypeptide that binds integral membrane proteins and coordinates the interaction of these proteins with cytoskeletal elements (Lux et al., 1990) • Despite limited similarity to the vaccinia and cowpox virus gene products, examination of the amino acid sequence of the SFV H3R gene identified at least 11 possible repeat regions related to the ankyrin consensus sequence, mostly arranged in a tandem orientation, although several of the repeats required short deletions of one to 12 amino acids for proper alignment with the consensus sequence• The alignment of the H3R ankyrin-like repeats to the consensus sequences for cellular and poxvirus ankyrin-related proteins is shown in Fig. 5 . The partial ORFs located at either end of the BamHI H fragment, designated H0R and H4R, also potentially encode proteins similar in sequence to various poxvirus and cellular proteins. The H4R ORF product displayed 29-2~0 amino acid identity with the erythrocyte ankyrin protein• The H0R ORF, which overlaps the amino terminus of the H IR ORF, encodes a protein with similarity to the carboxy-terminal portion of the vaccinia virus B5R ORF product Smith et al., 1991) , also referred to as the plaque size/host range gene product for the Lister strain of vaccinia virus (Takahashi-Nishimaki et al., 1991) . The similarity to the Lister protein (shown in Table 1 ) is higher due to several amino acid differences compared to the vaccinia virus WR strain protein, which are also conserved in the SFV ORF product. H0R also has 25-2% identity to a portion of potassium channel protein A (Schwarz et al., 1988) , an integral membrane protein. Although only a portion of the H0R ORF has been examined, the encoded protein is potentially membrane-bound due to an extremely hydrophobic region of approximately 20 amino acids (residues 60 to 80; Fig. 2) .
Examination of the sequence for conserved poxvirus transcriptional regulatory elements revealed the presence of the consensus early poxvirus transcript termination signal sequence TTTTTNT (Yuen & Moss, 1987) , where N represents any nucleotide, located eight nucleotides downstream from the termination codon of the H2R ORF. Nine bases 5' of the presumed H2R initiating methionine is an in-frame consensus poxvirus late transcript initiation sequence, TAAATG. However, there is also an in-frame termination codon immediately downstream of this sequence. From these data, the H2R ORF is most likely expressed in the early phase of the infection, but not at late times. The amino terminus of the peptide apparently lacks a membrane signal targeting sequence, and would probably remain localized in the cytoplasm of the infected cell. The regions flanking the H1R and H3R ORFs lack the consensus poxvirus early and late transcription signals and, therefore, the expression of these genes cannot be predicted. Confirmation of the expression of these genes, and the kinetics of expression, must await future Northern blotting, primer extension or S1 nuclease analysis.
Discussion
In this report we describe the DNA sequence analysis of a 4 kb fragment located approximately 20 kb from the right terminal hairpin of SFV. Each of the identified ORFs potentially encodes proteins with significant similarity to one or more poxvirus or cellular proteins. An examination of these putative polypeptides has revealed several interesting features, potentially relevant to the pathogenicity of this virus and other poxviruses as well.
Numerous gene families, encoding structurally related polypeptides, have been described among the poxviruses. Recently, Howard et al. (1991) have described a gene family encoding products resembling human erythrocyte ankyrin. The deduced SFV~H3R amino acid sequence reported here revealed 11" possible copies related to the repetitive element found in the ankyrin sequence, mostly arranged in a tandem orientation. The actual prototype erythrocyte ankyrin gene contains 22 well conserved, tandem copies of the repeat. Of the eight poxvirus proteins previously reported to have ankyrinlike repeats, found in vaccinia, cowpox and fowlpox viruses, and the T5 ORF product of SFV, none has more than five copies related to the ankyrin consensus sequence . Many of the poxvirus repeats are poorly conserved, as are those we have found in the SFV H3R product. However, assuming the ankyrin-like repeats are significant, and relevant to the function of these proteins, the H3R gene product likely represents the poxvirus family prototype due to the many copies of the ankyrin consensus sequence. The additional presence of the partial H4R ORF, with 29.2% amino acid identity to the repetitive portion of the erythrocyte ankyrin peptide, reinforces this relationship and suggests a progenitor gene may have combined the repetitive elements present in both SFV ORFs H3R and H4R into a single larger ORF. No common function has yet been attributed to the poxvirus proteins with these ankyrinlike repeats, although the cowpox virus gene product is required for growth on Chinese hamster ovary cells (Spehner et al., 1988) , as is one of the vaccinia virus products for growth on cultured human cells (Gillard et al., 1986) . Of the six cellular proteins, described by Lux et al. (1990) , with ankyrin-like sequences, found in Drosophila, yeast and Caenorhabditis elegans, five are involved in differentiation and cell cycle regulation. Another, bcl-3, with six or seven ankyrin-like repeats, is a potential proto-oncogene due to its association with the translocation involved in a form of human B cell leukaemia (Lux et al., 1990) . Therefore, the SFV H3R gene product, with its numerous degenerate ankyrin-like repeats, may potentially be involved in the regulatory modifications induced in poxvirus-infected ceils. Alternatively, due to the evidence implicating the erythrocyte ankyrin repeats in binding of integral membrane components, the H3R product may interact with viral or cellular membranes. Such an interaction could be important in regulation of the infectious cycle and in viral morphogenesis. Interestingly, the recombinational junction nearest the terminus in malignant rabbit fibroma virus is located within the T5 gene (Upton et al., 1988) , which is the other leporipoxvirus gene described to date with an ankyrinlike sequence, and maintains the sequence in frame, suggesting an essential function for the product of the T5 gene and likewise for the members of this gene family.
In contrast to the large number of homologues found for the SFV H3R ORF, there exists only a single identifiable homologue for the H1R ORF, NIL of vaccinia virus, encoding a virokine with limited similarity to TNF. Vaccinia virus deletion mutants lacking the NIL ORF are severely attenuated when assayed by intracerebral inoculation of mice .
The SFV H1R product may contribute similarly to viral pathogenicity, possibly by interfering with the demonstrated antiviral activity of TNF.
Another gene family previously identified within the DNA of vaccinia virus codes for products related to cellular protein kinases . In this report we have described an SFV ORF (H2R) that is a novel member of this family. The vaccinia virus gene product with the highest degree of similarity to cellular kinases is B 1R. The sequence of the Copenhagen strain of vaccinia virus DNA revealed two additional ORFs related to the protein kinase gene family, B12R and B16R (Copenhagen strain), both located approximately 15 to 20 kb from the right terminus of the genome within the HindIII B fragment . Of these two, B12R has a limited degree of similarity to the consensus kinase domain, but lacks most of the conserved subdomains. B 16R, which is a truncated version of the B15R ORF in vaccinia virus strain WR , has no kinase domain similarity but rather resembles the immunoglobulin superfamily McMahan et al., 1991) . The amino acid similarity of the SFV and vaccinia virus kinaserelated gene products suggests they may have been derived from a common ancestral gene, and the subsequent divergent evolution of these viruses could then explain the presence of the various poxvirus genes present today and their diverse degrees of protein kinase subdomain similarity.
Poxvirus infections typically induce cellular hyperplasia that in the most extreme form is exemplified in the tumorigenic phenotype of the leporipoxviruses. Efforts to discern the responsible genetic elements have focused primarily on analysis of the regions near the left and right termini of poxvirus DNA. Previous studies of the leporipoxvirus near-terminal region identified a factor with amino acid similarity to vaccinia virus growth factor, transforming growth factor alpha and both human and murine epidermal growth factors (Chang et al., 1986; Upton et al., 1987b) . Each of the vaccinia virus and cellular products is capable of binding to the normal cellular membrane-bound EGFR, itself a member of the kinase-related transforming protein family. The binding of these ligands results in phosphorylation of EGFR (King et al., 1986 ) and a mitogenic response for appropriate cells (Buller et al., 1988) . Deletion of the SFV growth factor or the myxoma virus growth factor gene from the respective virus reduces the extent of cellular proliferation but does not prevent tumour formation (Opgenorth et al., 1992) . Therefore, the growth factor homologue cannot be the exclusive causative factor responsible for the hyperplasia and the tumorigenic phenotype associated with the leporipoxviruses.
Studies of cellular protein kinases have revealed that the phosphorylation of proteins is associated with modifications in receptor activity, cellular proliferation and regulation of the cell cycle (Yarden & Ullrich, 1988) . We speculate that the product of the SFV H2R gene, a novel protein kinase-related gene, may be involved in the tumorigenic phenotype of the leporipoxviruses. Consistent with this hypothesis is the fact that the H2R gene could be identified by polymerase chain reaction amplification and DNA hybridization within the genomes of SFV and myxoma virus, both tumorigenic leporipoxviruses, but not in vaccinia, swinepox, fowlpox or entomopox viruses (data not shown), each a representative of a different poxvirus genus. Although it seems unlikely that the H2R protein has kinase activity owing to the lack of the consensus nucleotide-binding residues, by analogy to the function of normal cellular kinaserelated proteins such a poxvirus product may potentially be involved in interfering with or, alternatively, enhancing the normal cellular signal transduction pathway within the infected cell. Even a homologue completely lacking kinase activity has the potential to compete with an active cellular kinase, interfering with the signal transduction process and could thereby be instrumental in inducing proliferation. Mutational analysis of the SFV H2R gene is currently being addressed in order to test this hypothesis, as well as to examine the potential involvement of the gene product in SFV infectioninduced hyperplasia (e.g. focus formation) in tissue culture. In addition, further analysis will be required to determine whether additional protein kinase homologues, containing active catalytic domains and inherent transforming potential, are present in unsequenced regions of the SFV genome. It would also be interesting, concerning the potential involvement of the H2R gene product in tumorigenesis, to determine whether similar genes are found in other poxviruses associated with tumour formation such as the parapoxviruses and molluscum contagiosum virus.
